INTRODUCTION
Glucose is a major carbon source for energy production and biosynthesis in most cells of the body, and tight regulation of systemic glucose homeostasis in response to hormonal, nutritional, and environmental cues is critical for survival (Carey et al., 2013; Girard, 1995; Han et al., 2016) . Protein post-translational modifications (PTMs), such as phosphorylation and lysine acetylation (Kac), are known to swiftly modulate the activities of key glycolytic enzymes in response to acute nutritional signals. Emerging evidence suggests that host glucose metabolism can also be regulated by gut bacteria through microbe-specific production of metabolites (such as short-chain fatty acids) and lipopolysaccharides (Morrison and Preston, 2016; Schroeder and B€ ackhed, 2016; Tremaroli and B€ ackhed, 2012) . However, the molecular mechanisms underlying PTMs and the host-environment interactions that affect cellular glucose metabolism remain unclear.
2-Hydroxyisobutyrate (Hib), also known as a-hydroxyisobutyrate, is a short-chain fatty acid that has been detected at micromolar concentrations in a variety of bio-fluids in humans, including blood, urine, saliva, and feces (Bouatra et al., 2013; Dame et al., 2015; Guneral and Bachmann, 1994; Hoffmann et al., 1993; Hu sek et al., 2016; Psychogios et al., 2011) . In particular, it is detected at high levels in the urine of obese patients and is associated with the presence of specific gut microbiotas (Calvani et al., 2010; Li et al., 2008) . Intriguingly, in both humans and microorganisms, Hib is a key intermediate metabolite during degradation of methyl tert-butyl ether (MTBE) (Dekant et al., 2001; Franç ois et al., 2002; Lopes Ferreira et al., 2006; Steffan et al., 1997) , a widely used gasoline additive and the second most common contaminant of urban aquifers in the United States, but our knowledge of the effects of this environmental metabolite on human health is still limited. Our recent study has shown that Hib is a precursor for the synthesis of 2-hydroxyisobutyryl-coenzyme A (CoA) that mediates a widespread histone mark, lysine 2-hydroxyisobutyrylation (Khib) (Dai et al., 2014) . This new chemical modification poses a unique chemical structure and distinguished genomic distributions that are different from the well-studied histone Kac and lysine methylation (Kme) marks and is associated with active gene transcription (Dai et al., 2014) . These observations raise the possibility that Hib may directly mediate environmental influences on the epigenome and other biological processes through protein Khib. However, how this modification is regulated remains unclear, and the biological consequences of this modification are almost completely unknown.
In this report, we identified p300 as a ''writer'' for Khib in mammalian cells. Using a stable isotope labeling by amino acids in cell culture (SILAC)-based quantitative proteomics approach, we identified 4,239 unique Khib sites in wild-type (WT) and p300 knockout (KO) HCT116 cells, including 149 sites significantly decreased in response to deletion of p300. Remarkably, only 6 (B) Overexpression of WT but not a mutant p300 increases both Khib and Kac levels on histones. HEK293T cells were transfected with either empty vector (V) or constructs expressing FLAG-p300 (WT) or FLAG-p300 D1399Y (Mut) for 48 hr. The indicated histone modification marks were analyzed by immuno-blotting.
(legend continued on next page)
of the 149 sites overlapped with the Kac sites mediated by p300, suggesting a unique regulatory mechanism for p300 to differentially target either Khib or Kac. Moreover, the p300-mediated Khib directly targets the glycolytic enzymes in human cells and is essential for maintenance of homeostatic glucose metabolism and cell survival in response to glucose restriction. Our findings illuminate the landscape of the Khib in mammalian cells and reveal an important role of p300 in regulation of glycolysis through Khib.
RESULTS p300 Catalyzes Khib on Histones
Khib is a widespread histone mark like histone Kac (Dai et al., 2014) , raising the possibility that certain histone lysine acetyltransferases (KATs) may catalyze the generation of this modification on histones. p300 is a transcriptional co-activator that regulates gene transcription through acylation of histones (Dancy and Cole, 2015) . Given that p300 is able to catalyze multiple types of lysine acylations, such as acetylation and crotonylation (Sabari et al., 2015) , we hypothesized that it has a catalytic activity toward Khib.
To test this hypothesis, we sought to determine whether alterations of p300 expression levels could change histone Khib levels in cells. Consistent with the well-known KAT activity of p300, the Kac levels on histones were decreased upon deletion of p300 ( Figure 1A ) but increased upon transient overexpression of WT p300 but not its catalytically deficient mutant ( Figure 1B) , providing a positive control. Notably, the Khib levels on core histones, as detected by a previously well-characterized specific pan-Khib antibody (Dai et al., 2014) and various site-specific antibodies against different histone Khib marks, followed a similar pattern in response to changes of cellular p300 levels ( Figures  1A and 1B) . A further immunofluorescence assay indicated that p300 overexpression was associated with increased nuclear levels of H4K8hib in U2OS cells ( Figure 1C ), suggesting that p300 can positively regulate the Khib levels in cells. To confirm these observations, we treated different human cell lines with two p300 inhibitors: A485, a newly reported potent p300 inhibitor (Lasko et al., 2017) , and C646, one of the most well-known p300 inhibitors (Bowers et al., 2010) . As shown in Figure 1D , inhibition of p300 by A485 dose-dependently reduced both Kac and Khib levels in HCT116 cells ( Figure 1D, top) . Interestingly, the Khib levels on global histones in HEK293T cells decreased in a dose-dependent manner, whereas the Kac levels did not show obvious changes upon A485 treatment ( Figure 1D , bottom). High doses of C646 decreased both Khib and Kac levels in HeLa cells but only slightly decreased Kac but not Khib in HEK293T cells ( Figure S1A ). These observations strongly suggest that p300 is capable of catalyzing both Khib and Kac reactions on histones in cells, and different p300 inhibitors affect one activity more than the other, but in a cell type-specific manner.
To validate that p300 indeed directly catalyzes Khib modification on histones, thereby regulating gene transcription, we took advantage of a cell-free p53-dependent transcription system wherein p300-catalyzed acylation on recombinant chromatin can stimulate in vitro transcription ( Figure S1B ; Tang et al., 2013) . Acetyl-CoA (Ac-CoA) and Hib-CoA were added separately in this system, with Ac-CoA as a positive control. As shown in Figure 1E , p300 increased the Kac levels on H3K27 (K3K27ac) and the Khib levels on H3K18 and H4K8 (H3K18hib and H4K8hib) only when p53 and the respective coenzymes were added together with recombinant chromatin, indicating that p300 is able to directly acetylate or 2-hydroxyisobutyrylate histones on actively transcribed chromatin in vitro. Furthermore, in line with the observation that Khib of histones is associated with active gene transcription (Dai et al., 2014) , this p300-mediated Khib of histones directly activated p53-dependent transcription in vitro in a WT histone-dependent manner because replacement of the WT histone H3 or H4 with the corresponding K-to-R mutations inhibited p300-driven transcription ( Figure 1F ). Therefore, p300-mediated Khib of histones is important for p300-driven transcriptional activation. Taken together, these findings demonstrate that p300 is not only a histone acetyltransferase but also a histone 2-hydroxyisobutyryltransferase in vitro and in a number of different human cell lines. p300 2-Hydroxyisobutyrylates and Acetylates Distinct Sets of Substrate Proteins Given that p300 showed a catalytic activity toward both Khib and Kac on histones, we next sought to investigate whether p300 could also mediate Khib on non-histone proteins because it has been shown that p300 can shuttle between the nucleus and cytosol and has a broad substrate specificity (Dancy and Cole, 2015) . Indeed, deletion of p300 in HCT116 cells substantially reduced both Khib and Kac levels on a number of non-histone proteins (Figure 2A ). Adding sodium 2-hydroxyisobutyrate (NaHib) into the culture medium dose-dependently increased Khib on various proteins (histones and non-histone proteins) in WT HCT116 cells ( Figure 2B , WT), but the protein Khib levels in p300 KO cells only increased slightly, with no obvious dose dependence upon treatment with NaHib ( Figure 2B , KO), confirming the importance of p300 in mediating Khib modification (C) Overexpression of WT p300 enhances both Khib and Kac of histones in U2OS cells. U2OS cells transfected with WT p300 were immuno-stained with antiH4K8hib and anti-H3K9ac antibodies, respectively. Cells overexpressing FLAG-p300 have higher levels of H4K8hib (left) and H3K9ac (right) than untransfected cells. Scale bars, 50 mm. (D) Inhibition of p300 dose-dependently reduces Khib and Kac levels of histones in cells. HCT116 and HEK293T cells were treated with a p300 inhibitor, A485, for 24 hr, and the Khib and Kac levels of histones were analyzed by immuno-blotting with the indicated antibodies. (E) p300 2-hydroxyisobutyrates histone octamers in actively transcribed chromatin in vitro. A p300-dependent in vitro transcription system was set up as described in the STAR Methods, and the Khib and Kac levels of histones were analyzed by immuno-blotting with the indicated antibodies. (F) p300-mediated histone 2-hydroxyisobutyration activates p53-dependent transcription in vitro. A p300-dependent in vitro transcription system was set up using WT histones and K-R mutant histones. RNA products were visualized by autoradiography. See also Figure S1 . (B) 2-Hydroxyisobutyrate dose-dependently increases total Khib levels on various cellular proteins, in part through p300. WT and p300 KO HCT116 cells were treated with sodium 2-hydroxyisobutyrate (Na-Hib) at the indicated concentrations for 24 hr. Na-Hib treatment dose-dependently increased the Khib levels in WT cells, but this trend was blunted in p300 KO cells.
(legend continued on next page) on various proteins. The Khib transferase activities of other histone acetyltransferases (HATs) may contribute to the slight increase of Khib in p300 KO cells after NaHib treatment.
To better understand the landscape of p300-mediated Khib in comparison with that of Kac in human cells, we quantified Khib and Kac proteomes in WT and p300 KO HCT116 cells using a global SILAC-based assay in conjunction with immunoaffinity enrichment with confirmed pan-anti-Khib or anti-Kac antibody and mass spectrometry (MS) analysis ( Figure S2A ). We identified a total of 4,239 unique Khib sites on 1,459 proteins and 3,682 unique Kac sites on 1,887 proteins, with varied numbers of modification sites on each substrate (Table S1 ; Figures S2B and S2C) . Among the 4,239 identified Khib sites, 973 sites were detected in the pellet fractions, and 284 of these sites exclusively existed in the pellet fractions, suggesting that the pellet of NaCl, EDTA, Tris, and NP40 buffer (NETN)-based cell lysis is a valuable source for PTMs identification. Intriguingly, although some protein substrates bear both Kac and Khib sites, about 82% of Khib sites did not overlap with Kac sites, suggesting that Kac and Khib pathways have unique regulatory mechanisms (Figure S2D) . Furthermore, in contrast to the reported lysine malonylated and succinylated proteins, which are mainly located in mitochondria (Park et al., 2013; Rardin et al., 2013) , most of the identified acetylated and 2-hydroxyisobutyrylated proteins were exclusively nuclear or partially nuclear or cytoplasmic (Figure S2E ). This observation is consistent with the notion that p300 is a predominantly nuclear protein that can be shuttled to the cytosol (Dancy and Cole, 2015) .
To identify p300-targted Khib and Kac sites, we first quantified the relative abundance of Khib and Kac sites between WT and p300 KO HCT116 cells and then normalized the detected abundances to the expression of their corresponding proteins. The analysis identified 149 Khib sites and 693 Kac sites whose normalized abundance was decreased by more than 50% in p300 KO cells compared with WT cells (mean ratio of KO/WT < 0.5 or only identified in the WT) ( Figure 2C ; Table S2 ). The proteins containing these lysine sites were therefore considered as potential p300-targeted substrates. We also detected 11 Khib sites whose normalized abundance was increased by more than 2-fold in addition to 149 decreased Khib sites in p300 KO cells, possibly because of an indirect regulation of diverse cellular processes, including the activities of histone deacetylases (HDACs), by p300 (Dancy and Cole, 2015) . Strikingly, only 6 of the 149 p300-targeted Khib sites overlapped with the 693 p300-targeted Kac sites ( Figure 2D ), suggesting that p300 has different substrate selectivity toward Khib and Kac. This low overlap between p300-targeted Khib and Kac sites further implies that p300 may have different sequence preferences toward these two PTMs. In support of this notion, flanking sequence analysis (Colaert et al., 2009 ) of all p300-targeted Khib or Kac sites revealed that the flanking sequence motif of Khib substrates had over-representation of the hydrophobic amino acids alanine and isoleucine at the À1, À2, À3, À4, and +2 positions, whereas the positively charged amino acids lysine and arginine were enriched at the À5, À6, +5, and +6 positions, and arginine at the À1 position was largely depleted (Figure 2E, Khib) . In contrast, the negatively charged glutamic acid and aspartic acid residues were enriched at the À1 position in the Kac flanking motif. Moreover, lysine was preferred from the +2 to +6 positions, whereas arginine was largely depleted from the À1 to À4 positions ( Figure 2E , Kac). These results indicate that p300-mediated Khib and Kac target distinct sequences in proteins.
p300-Mediated Khib Specifically Targets Metabolic Pathways, Particularly Glycolytic Enzymes
To explore the functional effect of p300-mediated Kac and Khib, we performed a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (Kanehisa and Goto, 2000) on the potential p300-targeted substrates identified in Figures 2C and 2D and Table S2 . As shown in Figure 3A , although both p300-mediated modifications affected the spliceosome and ribosome, p300-mediated Kac primarily targeted proteins involved in RNA biology, whereas p300-mediated Khib was selectively enriched in multiple metabolism-related pathways, such as carbon metabolism and biosynthesis of amino acids as well as glycolysis/gluconeogenesis. Glycolysis converts glucose into pyruvate by a cascade of 10 key enzyme-catalyzed reactions (Lunt and Vander Heiden, 2011) . Remarkably, 5 of the 10 glycolytic enzymes were 2-hydroxyisobutyrylated by p300, including glucose-6-phosphate isomerase (GPI), ATP-dependent 6-phosphofructokinase muscle (PFKM) type, fructose-bisphosphate aldolase A (ALDOA), phosphoglycerate kinase 1 (PGK1), and alpha/gamma-enolase (ENO1/2) (Figures 3B and 3C) .
Consistent with the enriched KEGG pathways, the protein interaction networks of p300-regulated Khib proteins, based on the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database (Szklarczyk et al., 2015) , showed several functional clusters, including glycolysis/gluconeogenesis ( Figure 3D ).
p300 Deficiency Impairs Glycolysis through Khib of Key Glycolytic Enzymes
The specific enrichment of p300-targeted Khib proteins in the metabolic pathways suggests that p300 may modulate cellular metabolic homeostasis through Khib. To test this possibility, we first investigated whether p300 deficiency could lead to defects in any metabolic pathways through a large-scale unbiased metabolomics analysis. Systematic analysis of 364 detectable metabolites from WT and p300 KO HCT116 cells revealed that p300 deficiency resulted in alterations in a number of central (C) p300 deficiency leads to systemic reduction of Khib and Kac on a number of protein substrates. The scatterplots show the ratio of Khib and Kac peptides in p300 KO versus WT cells in relation to average peptide intensities. (D) p300 catalyzes Khib and Kac on distinct lysine residues in a variety of protein substrates. The Venn diagrams show overlap between p300-targeted Khib and Kac sites. (E) The consensus sequence logos show enrichment of amino acid residues among the p300-targeted Khib and Kac sites. See also Figure S2 and Tables S1 and S2. metabolic pathways, including glycolysis, the pentose phosphate pathway (PPP), the tricarboxylic acid (TCA) cycle, and glutamine metabolism, when cultured in complete DMEM-based medium (Figures 4A and S3A; Table S3 ). Further analyses using MetaboAnalyst pointed out that glycolysis or gluconeogenesis was the most significantly downregulated metabolic pathway in p300 KO HCT116 cells ( Figures 4B, S3B , and S3C). The relative intracellular abundance of many key metabolites related to glycolysis, such as pyruvate, ATP, and NADH, were all significantly reduced in p300 KO HCT116 cells compared with WT cells ( Figure 4C ). Consistently, p300 KO HCT116 cells had reduced glucose consumption and lactate production compared with WT HCT116 cells ( Figure 4D ). Seahorse analyses further confirmed that p300 KO cells displayed reduced glycolysis, glycolytic capacity, and glycolytic reserve compared with WT cells ( Figures 4E, 4F , and S3D). These defects in glycolysis were even more evident after depletion of glucose from the culture medium ( Figure 4G ). Specifically, 6 hr after glucose depletion, all detectable intermediate metabolites in the glycolysis pathway were significantly reduced in p300 KO HCT116 cells compared with WT cells in the same medium, particularly those on nodes catalyzed by the 5 hypo-2-hydroxyisobutyrylated enzymes GPI, phosphofructokinase (PFK), ALDO, PGK1, and ENO1 ( Figure 4G , highlighted in blue boxes). As expected from the reduction of glycolysis, intracellular glucose was significantly accumulated in p300 KO cells under this glucose depletion condition ( Figure 4G , Glucose). Therefore, p300 deficiency in HCT116 cells impairs glycolysis. We next investigated whether the defective glycolysis observed in p300-deficient cells is due to hypo-2-hydroxyisobutyrylation of glycolytic enzymes. Compared with WT HCT116 cells, p300 KO HCT116 cells had comparable expression levels of the hypo-2-hydroxyisobutyrylated enzymes (Figures S4A and S4B) . However, the activities of two of these enzymes (which have the established activity assays available), PFK and enolase (ENO), were significantly reduced in the total cell lysates from p300 KO HCT116 cells when measured in vitro ( Figure 5A ), supporting the idea that the activities of these enzymes are regulated at the posttranslational level, possibly by p300-mediated Khib. Consistent with this possibility, recombinant p300 protein directly 2-hydroxyisobutyrylated recombinant PFKM ( Figure 5B , left) and immuno-purified hemagglutinin (HA)-ENO1 from p300 KO cells (Figure 5B, right) in the presence of 2-hydroxyisobutyrylate-CoA in a cell-free system, whereas the Khib levels of endogenous PFKM were reduced in p300 KO cells ( Figure S4C ). In the case of ENO1, the glycolytic enzyme that catalyzes the conversion of 2-phosphoglycerate (2-P glycerate) to phosphoenolpyruvate, both hypo-2-hydroxyisobutyrylated lysine residues (K228 and K281) were on its surface ( Figure S4D ), making them accessible to p300-mediated dynamic modifications. In support of the possibility that p300 activates glycolytic enzymes through Khib, p300-mediated in vitro Khib modification of ENO1 directly activated its enzymatic activity when measured in vitro ( Figure 5C ). Additionally, the Khib levels of ENO1 are sensitive to nutrient availability. The interaction between ENO1 and p300 as well as the Khib levels on ENO1 were increased in WT HCT116 cells shortly after glucose depletion and then gradually went down ( Figure 5D ). Prolonged glucose deprivation, on the other hand, resulted in reduced Khib and degradation of ENO1 protein ( Figure 5D ).
Finally, to directly assess the importance of Khib in modifying the activities of glycolytic enzymes, thereby influencing glycolysis, we overexpressed WT ENO1 and an ENO1 mutant (K281R) that cannot be 2-hydroxyisobutyrylated at a major Khib site (K281) into WT HCT116 cells. In contrast to the K228 site of ENO1 that can be modified by p300 through both Kac and Khib (Table S2) , the K281 site in ENO1 was not found to be acetylated in either WT or p300 KO HCT116 cells in our SILAC analysis; therefore, it was dynamically regulated by p300 through Khib but not Kac. Consistently, the K281R mutant HA-ENO1 protein had reduced Khib but not Kac levels when expressed in WT cells ( Figure S4E ), and immuno-purified HA-ENO1 K281R protein had an about 4-fold reduction in its V max and a roughly 3-fold reduction in its K M when 2-P glycerate was used as the substrate in vitro compared with WT HA-ENO1 protein ( Figure 5E ). Furthermore, the HA-ENO1 K281R mutant protein had a comparable stability as the WT HA-ENO1 protein when overexpressed in WT HCT116 cells ( Figure S4F ), and overexpression of this mutant protein was sufficient to reduce glycolysis ( Figures 5F and 5G ). Therefore, 2-hydroxyisobutyrylation of ENO1, the most downstream hypo-2-hydroxyisobutyrylated glycolytic enzyme in p300 KO HCT116 cells ( Figure 4G ), is an important element in p300-mediated regulation of glycolysis. Taken together, our observations indicate that p300-mediated Khib of glycolytic enzymes is critical for modulation of glycolysis in response to changes in nutrient availability. p300 Mediates Nutritional Regulation of Cell Survival through Glycolysis As the major carbon source for energy production and biosynthesis, glucose is essential for cell proliferation, growth, and survival. Reduced glycolysis in p300 KO HCT116 cells (Figures 4 and 5) raised the possibility that p300-deficient cells may be sensitive to glucose depletion-induced defects in cell proliferation 
p300 Deficiency Results in Defective Glycolysis
(A) p300 KO HCT116 cells have altered glycolysis, TCA cycle, and glutamine metabolism. WT and p300 KO HCT116 cells cultured in complete medium were used for metabolomics analysis. The relative abundance of metabolites involved in glycolysis, the TCA cycle, the PPP, and the glutamine pathway is displayed by the heatmap (n = 3 independent experiments). (B) Deletion of p300 significantly impairs glycolysis or gluconeogenesis. The metabolites significantly reduced in p300 KO cells (fold change: KO/WT < 0.5; p < 0.05) were analyzed by pathway enrichment analysis and pathway topology analysis in the Pathway Analysis module of MetaboAnalyst 3.0, and the pathway impact scores of the top ten pathways are shown. (C) p300 KO HCT116 cells have reduced levels of many metabolites related to glycolysis when cultured in complete medium. The relative amounts of the indicated metabolites were quantified by metabolomics (n = 3, *p < 0.05, values are expressed as mean ± SEM). (D) p300 KO HCT116 cells have reduced glucose consumption and lactate production when cultured in complete medium. The decrease of glucose and increase of lactate in culture medium were measured for the indicated times (n = 4, *p < 0.05, values are expressed as mean ± SEM). (E) p300 KO HCT116 cells have reduced glycolytic activities. The glycolysis activity was analyzed by the Seahorse analyzer as described in the STAR Methods (n = 4 technical repeats, values are expressed as mean ± SEM). (F) p300 KO HCT116 cells have reduced glycolysis, glycolytic capacity, and glycolytic reserve (n = 4 independent experiments from 2 pairs of WT and p300 KO HCT116 cells, *p < 0.05, values are expressed as mean ± SEM). (G) p300 KO HCT116 cells display reduced glycolysis after 6 hr of glucose depletion. WT and p300 KO HCT116 cells were cultured in medium without glucose for 6 hr, and the relative amounts of metabolites were quantified by metabolomics analysis (n = 3). Metabolites not detected in the experiment are designated in parentheses. Five hypo-2-hydroxyisobutyrylated proteins in p300 KO cells are highlighted with blue boxes. See also Figure S3 and Table S3 . (A) Both the PFK and ENO1 enzymes display reduced activities in p300 KO HCT116 cells. WT and p300 KO HCT116 cells were cultured in complete medium. The activities of PFK and ENO1 from total cell lysates were measured using colorimetric assay kits (n = 3, *p < 0.05, values are expressed as mean ± SEM). (B) p300 2-hydroxyisobutyrylates PKFM and ENO1 in vitro. Immuno-purified HA-ENO1 proteins from p300 KO HCT116 cells and recombinant PFKM proteins were in vitro-2-hydroxyisobutyrylated by recombinant p300 as described in the STAR Methods. (C) p300-mediated Khib activates ENO1 in vitro. Immuno-purified HA-ENO1 proteins from p300 KO HCT116 cells were in vitro-2-hydroxyisobutyrylated by recombinant p300, and their activities were then analyzed in vitro as described in the STAR Methods (n = 3, *p < 0.05, values are expressed as mean ± SEM). In addition to Khib on K228 and K281, ENO1 also had a number of Kac sites that were dynamically regulated by p300, including K228, K335, and K343 (Table S2) . It appeared that p300-mediated Kac on these sites also activated ENO1 in vitro. (D) Khib levels of ENO1 are dynamically regulated upon glucose depletion in cells. The Khib levels of HA-ENO1 and the interaction between ENO1 and p300 were analyzed at different time points after glucose depletion.
(legend continued on next page) and survival. In line with this possibility, p300 KO HCT116 cells displayed a reduced proliferation rate when cultured in complete medium containing 25 mM glucose ( Figure 6A , Complete). Switching to a culture medium containing no glucose but not no glutamine led to dramatic loss of p300 KO cells within 24 hr compared with WT cells (Figures 6A and 6B ). Further analysis indicated that p300 KO HCT116 cells were hypersensitive to glucose depletion-induced cell death compared with WT HCT116 cells (Figures 6C and 6D) . In contrast, both WT and p300 KO HCT116 cells had a comparable sensitivity to glutamine depletion-induced cell death ( Figures 6C and 6D ), indicating that p300 specifically regulates sensitivity to glucose depletion.
To test whether the hypersensitivity of p300 KO cells to glucose depletion is due to diminished 2-hydroxyisobutyrylation of glycolytic enzymes, we analyzed the survival of HCT116 cells with overexpression of WT or K281R mutant ENO1 in response to glucose depletion. As shown in Figures 6E and 6F , WT HCT116 cells overexpressing the K281R mutant ENO1 experienced increased cell death after 24-hr depletion of glucose. This observation, together with K281R ENO1-induced defective glycolysis ( Figures 5F and 5G ), strongly suggests that hypo-2-hydroxyisobutyrylation of ENO1-induced defective glycolysis is sufficient to induce cell death in response to glucose withdrawal. Furthermore, supplementation of 1 mM pyruvate, the end product of the cellular glycolytic pathway, into the culture medium rescued glucose depletion-induced cell death in p300 KO HCT116 cells ( Figures 6G and 6H ), indicating that p300 deficiency induced hyper-sensitivity to glucose depletion is due to defective glycolysis.
The HCT116 cells used in our study carry a heterozygous deletion in exon 31 of the p300 gene, resulting in a truncated protein (Bryan et al., 2002; Iyer et al., 2004 ). To rule out the possible interference of this truncated p300 protein in our observations, we investigated whether p300 regulates cellular glucose metabolism through Khib in human cells only carrying the WT p300 gene. As shown in Figure 7A , CRISPR/Cas9-mediated deletion of p300 in HEK293T cells, a human cell line with the WT p300 gene, reduced ENO1 activity ( Figure 7B ), decreased glycolysis ( Figures 7C and 7D) , and increased the sensitivity of HEK293T cells to glucose depletion-induced cell death ( Figures 7E, 7F , and S5A, vector-transfected WT and KO HEK293T cells), indicating that p300 deficiency in cells bearing the WT p300 gene also leads to deficiency in glucose metabolism. Also in line with observations in HCT116 cells, overexpression of the K281R mutant ENO1 in WT HEK293T cells significantly reduced cell survival upon glucose depletion ( Figures 7E, 7F , and S5A, WT HEK293T/K281R ENO1). Moreover, overexpression of WT or K281R mutant ENO1 did not alter the hypersensitivity of p300 KO HEK293T cells to glucose depletion ( Figures 7E, 7F , and S5A, KO HEK293T WT or K281R ENO1), indicating that WT ENO1 behaves like the K281R mutant in the absence of p300 and further supporting the notion that p300-mediated 2-hydroxyisobutyrylation of ENO1 K281 is important in regulating glucose metabolism.
To further assess the contribution of 2-hydroxyisobutyrylation of ENO1 to this metabolic regulation in HEK293T cells, we generated HEK293T cells expressing endogenous levels of WT or K281R ENO1 by first overexpressing WT or K281R ENO1 into HEK293T cells and then knocking down the expression of endogenous ENO1 using small hairpin RNAs (shRNAs) against the 3 0 UTR of the endogenous ENO1 gene ( Figures  S5B and S5C) . Consistent with our previous observations shown in Figure 5E , HA-ENO1 K281R protein immuno-purified from shENO1 HEK293T cells had reduced V max and K M compared with WT HA-ENO1 proteins ( Figures 7G and S5C ). More importantly, shENO1 HEK293T cells expressing this mutant protein displayed a reduced rate of glycolysis compared with shENO1 HEK293T cells expressing WT HA-ENO1 protein ( Figure 7H ), indicating that hypo-2-hydroxyisobutyrylation of ENO1 on K281 is sufficient to impair glycolysis in HEK293T cells. shRNAs-mediated knockdown of p300 in SW620, another human cell line carrying the WT p300 gene (Bryan et al., 2002) , also resulted in hypersensitivity to glucose-depletion induced cell death ( Figures S5D-S5G ).
Collectively, our findings demonstrate that p300 mediates nutritional regulation of cell survival through 2-hydroxyisobutyrylation of glycolytic enzymes in various human cells.
DISCUSSION
In the past decade, a panel of short-chain and long-chain lysine acylations (or lipid lysine acylations) has been identified. Although structurally similar, these lipids are generated by completely different metabolic pathways. Emerging evidence suggests that lipid lysine acylations are associated with not only cellular functions, such as gene transcription and metabolism, but also physiology and diseases (Goudarzi et al., 2016; Lin et al., 2012; Sabari et al., 2015 Sabari et al., , 2017 . Functional studies of these modification pathways require knowledge of their regulatory enzymes (writers and erasers), substrates, and binding proteins. Significant progress has been made in the identification of deacylation enzymes in the past several years, and the classically annotated HDACs were shown to have activities for not only acetylation but also other acetylation-independent acylations (Anderson et al., 2017; Bheda et al., 2016; Hirschey and Zhao, 2015; Jiang et al., 2013; Li et al., 2016; Sabari et al., 2017; Tasselli et al., 2017; Wei et al., 2017) . However, (E) An ENO1 mutant that cannot be 2-hydroxyisobutyrylated has reduced enzymatic activity when expressed in WT HCT116 cells where endogenous ENO1 was knocked down by shRNAs. The HA-ENO1 proteins were immuno-purified by anti-HA, and the enzymatic activity of purified proteins was analyzed in vitro as described in the STAR Methods (n = 3, values are expressed as mean ± SEM). characterization of acyltransferase lags far behind that of deacylation enzymes. Although it has been suggested that spontaneous chemical reaction is likely the major mechanism for lysine acylation reactions in mitochondria where there is no known acyltransferase and the pH is high ($8.0) (Casey et al., 2010) , evidence indicates that enzyme-catalyzed reaction is mainly responsible for lysine acylations in the cytosol and nuclei (Dancy and Cole, 2015; Liu et al., 2017; Sabari et al., 2015; Tang et al., 2013; Xu et al., 2017) . In this study, we identified p300 as a writer for one of the most less-characterized lysine acylations, Khib. We discovered that p300 is capable of selectively catalyzing Khib and Kac on distinct protein substrates and further uncovered a vital role of Khib of glycolytic enzymes in p300-mediated regulation of cellular glucose metabolism and cell survival in response to changes in nutrient availability. Our findings indicate that p300 has an intrinsic ability to select shortchain acyl-CoA-dependent substrate proteins and offer new avenues to study the diverse functions of Khib in glycolysis-related pathophysiology.
A long-standing question in the field of lysine acylations concerns the differences and specificity between Kac and other lysine acylations. Earlier studies of acyltransferases were mainly focused on histones in the context of chromatin localization and transcription (Sabari et al., 2017) . Some classically annotated acetyltransferases, such as p300, CREBBP binding protein (CBP), and lysine acetyltransferase 8 (KAT8), can use a broad range of acyl-CoAs and, thus, catalyze reactions for both acetylation and other short-chain acylations (Chen et al., 2007; Dancy and Cole, 2015; Liu et al., 2017; Sabari et al., 2015) . This observation raises the intriguing hypothesis that these enzymes have little selectivity and that the difference between acetylation and other acylations is mainly controlled by the concentration (and/or availability) of shortchain CoAs. Surprisingly, our quantitative proteomics data demonstrate that the p300-targeted Khib proteome is very different from the p300-targeted Kac proteome in terms of substrate proteins and substrate peptide sequences ( Figures  2D and 2E) . Thus, there is an internal regulatory element for p300 to select substrates for either lysine acetylation or other acylations.
What is the mechanism for p300 to control its substrate specificity among diverse acylations? It is highly likely that multiple possibilities exist for this large protein. A recent structural study of p300 in complex with acyl-CoA variants has shown that the aliphatic portions of p300-bound short-chain acyl-CoAs could be positioned in the binding tunnel of the lysine substrate, sterically clashing with the lysine substrate binding (Kaczmarska et al., 2017) . Therefore, it is predicted that the lysine substrates need to remodel the acyl-CoAs into a conformation compatible with acyl chain transfer. Different acyl-CoAs, as a result, require remodeling from distinct lysine substrates to accommodate in a hydrophobic pocket in the active site of p300. The size of the pocket and its aliphatic nature thus offer a possible alternative strategy for p300 to select acyl-CoA and its corresponding substrates. In this regard, acetyltransferase KAT2A serves as a good example. A tyrosine residue in this enzyme facilitates selective binding of succinyl-CoA over acetyl-CoA, which in turn drives the succinyltransferase activity of KAT2A . In addition, p300 could exist in different protein sub-complexes that may have unique substrate preferences. Finally, p300 can be modified by acetylation, phosphorylation, and methylation (Dancy and Cole, 2015) . It is conceivable that these modification profiles may modulate the structure of p300, which, in turn, changes its specificity.
It is still not clear how Khib regulates the activity of glycolytic enzymes. Because ENO1 has two Khib sites on the surface ( Figure S4D ), it is likely that replacing the positively charged lysine side chains with the bulky hydrophilic 2-hydroxyisobutyryl groups will directly interfere with the binding of co-factors or introduce conformational changes that lead to altered substrate binding and turnover. PGK1, on the other hand, has a p300-targeted Khib site (K216hib) located within 5 residues of a key residue, K220. Acetylation on K220 of PGK1 was reported to inhibit PGK1 activity by disrupting the binding with its substrate ADP (Wang et al., 2015) . K116hib of PGK1, therefore, may also affect ADP binding. Further biochemical and structural studies will help to dissect the exact mechanisms of Khib-mediated regulation of individual metabolic enzymes.
In summary, through quantitative proteomics, global metabolomics, and functional metabolic analysis, we discovered p300-mediated Khib as a molecular mechanism to regulate cellular glucose metabolism. We also find that p300 has different targets for Khib and Kac. Our study paves the way for future investigations of the diverse functions of Khib in mediating the environmental influence on metabolism and metabolic diseases. . p300 Deficiency Leads to Hyper-Sensitivity to Glucose Depletion (A) p300 KO HCT116 cells have reduced proliferation in different culture media. Cells were plated in complete medium and switched to the indicated medium on day 1 (n = 3, *p < 0.05, values are expressed as mean ± SEM). (B) p300 KO HCT116 cells are sensitive to glucose but not glutamine depletion. Cells were plated in complete medium, switched to the indicated medium 24 hr later, and then analyzed after 24-hr incubation in the indicated media. Scale bar, 200 mm. (C and D) p300 KO HCT116 cells display reduced cell survival and enhanced cell death upon glucose depletion. Cells were cultured as in (A) in the indicated medium, and analyzed by fluorescence-activated cell sorting (FACS) after FITC-Annexin V and PI staining as described in the STAR Methods (C). Viable and dead cell were quantified after FACS analysis (D; n = 3, *p < 0.05, values are expressed as mean ± SEM). (E and F) HCT116 cells expressing K281R ENO1 have reduced cell survival upon glucose depletion. WT and p300 KO HCT116 cells and WT HCT116 cells expressing WT ENO1 or K281R ENO1 proteins were incubated in complete medium or glucose-free medium for 24 hr. Cell morphology was analyzed (E) and cell survival was measured with WST-1 reagent (F, n = 3, *p < 0.05, values are expressed as mean ± SEM). Scale bar, 100 mm. (G and H) Adding pyruvate back into the culture medium rescues p300 deficiency-induced sensitivity to glucose depletion. WT and p300 KO HCT116 cells were cultured in complete medium, no glucose medium, or no glucose medium plus 1 mM pyruvate for 24 hr, then analyzed for cell morphology (G) and cell survival (H). (n = 3, *p < 0.05, values are expressed as mean ± SEM). Scale bar, 100 mm. 
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (E and F) p300 KO HEK293T cells are hypersensitive to glucose depletion. WT and p300 KO HEK293T cells transfected with constructs expressing the indicated proteins were plated in complete medium, switched to the indicated medium 24 hr later, then analyzed for morphology (E) and cell survival (F) after 24-hr incubation in the indicated media (n = 3, values are expressed as mean ± SEM). Scale bar, 100 mm. (G) ENO1 K281R has reduced enzymatic activity when expressed in HEK293T cells where endogenous ENO1 was knocked down by shRNAs. The HA-ENO1 proteins were immuno-purified by anti-HA beads from HEK293T cells, and the enzymatic activity of purified proteins was analyzed in vitro as described (n = 3, values are expressed as mean ± SEM). (H) HEK293T cells expressing K281R ENO1 have reduced glycolysis (n = 5 technical repeats, values are expressed as mean ± SEM). See also Figure S5 .
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines WT and p300 KO HCT116 cells have been described previously (Iyer et al., 2004) . Another pair of WT and p300 KO HCT116 cells, and WT and p300 KO HEK293T cells were generated using the standard Crispr/Cas9 technology with a CRISPR All-in-one sgRNA expression clone in mammalian pCRISPR-CG01 vector (GeneCopoeia, Catalog #: HCP000995-CG01-1-B, target site: CATCGCTGGCGGACGCCGAG), and deletion of p300 were confirmed by immuno-blotting analysis.
Control and p300 shRNA SW620 cells were generated using lentiviruses containing control shRNA vector or shRNA constructs expressing shRNA specifically against human p300 (Sigma, EP300shRNA-3: TRCN0000039886, target sequence: CCCGGTGAACTCTCCTATAAT; EP300shRNA-5: TRCN0000231135, target sequence: TCAATAATGCCTGGTTATATA), and deletion of p300 were confirmed by immuno-blotting analysis.
To knock down the expression of endogenous ENO1 while allowing reexpression of exogenous WT and K281R HA-ENO1 in HCT116 cells and HEK293T cells, two shRNA constructs targeting the 3 0 UTR of the human ENO1 gene (target sequence: CGTACCGCTTCCTTAGAACTT) were purchased from Sigma (TRCN0000029324 and TRCN0000293182). Lentiviral particles were then prepared to stably infect HCT116 and HEK293T cells pre-overexpressing WT or K281R HA-ENO1. The deletion of endogenous ENO1 and expression of exogenous WT and K281R HA-ENO1 were confirmed by real-time PCR using primers targeting 3 0 UTR or the coding region of ENO1.
HCT116 (ATCC CCL-247), HEK293T (ATCC CRL-3216), HeLa (ATCC CCL-2), U2OS (ATCC HTN-96), and SW620 (ATCC CCL-227) cells used in this study were all maintained at 37 C in Dulbecco's modified Eagle's medium (DMEM) without pyruvate containing 10% fetal bovine serum (FBS) . No mycoplasma contamination was detected using a MycoAlert Mycoplasma Detection Kit (Lonza, LT07-118).
METHOD DETAILS
Immunofluorescence U2OS cells (with or without WT p300 overexpression) grown on coverslips were washed with phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM KH 2 PO 4 ) and then fixed with 4% paraformaldehyde in PBS for 10 min at room temperature. After rinse with PBS twice, cells were permeabilized with 0.5% Triton X-100 at room temperature for 10 min and blocked with 3% BSA at room temperature for 60 min. Then the cells were incubated with primary antibodies indicated in 1% BSA at 4 C overnight with gentle shaking. After washing with PBS for 10 min twice at room temperature, the cells were incubated with appropriate secondary antibodies (with Rhodamine Red-X or FITC conjugated, Invitrogen) in 1% BSA for 60 min at room temperature followed by washing with PBS for 10 min twice. Immuno-labeled cells were analyzed with an EVOS FL Cell Imaging System (Life Technologies).
In vitro p300-mediated chromatin-based transcription Chromatin assembly and chromatin-based transcription was performed as described (An and Roeder, 2004) with minor modifications. The various steps were performed as follows ( Figure S1B ): (1) activator binding: p53 (10 ng) was incubated with recombinant chromatin template (40 ng) in the presence of ACF1, ISWI, and NAP1 in reaction buffer for 20 min at 27 C; (2) chromatin-based histone acetylation: p300 (20 ng) with either acetyl-CoA (20 mM) or 2-hydroxyisobutyryl-CoA (20 mM) were added to the reactions and incubated at 30 C for 30 min; (3) transcription: 5.0 mL (10 mg/ml) of HeLa nuclear extract and nucleotide mixture with 10 mCi of [a-32 P] UTP (3000 Ci/mmol; PerkinElmer) were sequentially added to the reaction for 30 min at 30 C; (4) finally, the radiolabeled RNA was purified and resolved on 5% polyacrylamide (19:1) with 8.0 M urea gel and analyzed by autoradiography. SILAC sample preparation WT and p300 KO HCT116 cells (Iyer et al., 2004) were cultured in lysine-free DMEM supplemented with 10% dialyzed FBS, and with ''heavy'' lysine ( 13 C 6 15 N 2 -Lys) or ''light'' lysine ( 12 C 6 14 N 2 -Lys) (100 mg/L, Cambridge Isotope Laboratories, Tewksbury, MA). Cells were grown for more than seven generations before being harvested, to achieve more than 98% labeling efficiency (based on MS analysis). The ''heavy'' and ''light'' cells were harvested, washed with cold phosphate-buffered saline (PBS), and sonicated for three minutes on ice using a sonic dismembrator (Model 500, Fisher Scientific, Hampton, NH) in NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, 0.5% Nonidet P-40, pH 8.0). After centrifugation (18,000 g) at 4
C for 10 min, the supernatant was collected and the pellet was further lysed by urea lysis buffer (8 M urea, 2 mM EDTA, 3 mM Trichostatin A, 50 mM Nicotinamide, and 5 mM DTT). Equal amounts of proteins from the NETN-soluble or re-solubilized pellet fractions of WT and p300 KO HCT116 cells were mixed and precipitated using trichloroacetic acid. The resulting protein precipitate (5 mg of NETN-soluble proteins and 1 mg of proteins from re-solubilized pellet) were digested with trypsin (Promega Corp., Madison, WI), initially at 1:50 trypsin-to-protein ratio (weight to weight) overnight followed by the second digestion at 1:100 trypsin-to-protein ratio (weight to weight) for 4 hours. The tryptic digest was reduced with 10 mM DTT for 1 h at 37 C and alkylated with 20 mM iodoacetamide for 45 min at room temperature in darkness. The excess iodoacetamide was blocked by 20 mM cysteine.
Peptide fractionation and immunoaffinity enrichment
The resulting proteolytic peptides from NETN-soluble fraction were separated on preparative HPLC into 6 fractions using Agilent 300 Extend C18 column (5 mm particles, 4.6 mm ID, 250 mm length) followed by drying by SpeedVac (ThermoFisher Scientific, Waltham, MA). Pan anti-Kac or pan anti-Khib antibody (PTM Biolabs, Chicago, IL, catalog number PTM-105 or PTM-501) was first immobilized to pre-washed protein A agarose beads (GE Healthcare Biosciences, Pittsburgh, PA) at a density of 4 mg of antibody per mL drained beads. Then the peptide powder was dissolved in NETN buffer and incubated with 20 mL of antibody-immobilized protein A beads at 4 C overnight with gentle shaking. After incubation, the beads were washed four times with NETN buffer and twice with ddH 2 O. The bound Kac or Khib peptides were eluted from the beads with 0.1% trifluoroacetic acid, and the eluted peptides were desalted by C18 ZipTip (EMD Millipore, Billerica, MA).
HPLC/MS/MS analysis
The enriched peptides obtained above were dissolved in 0.1% formic acid in water and loaded onto a reversed-phase microcapillary column (10 cm length with 75 mm inner diameter) packed in-house with Reprosil 100 C18 resin (3 mm particle size, Dr. Maisch GmbH, Beim Br€ uckle, Germany). The loaded samples were separated using a gradient of 5% to 80% HPLC buffer B (0.1% formic acid in 90% acetonitrile, v/v) in buffer A (0.1% formic acid in water, v/v) at a flow rate of 200 nL/min over 60 min by an EASY-nLC 1000 UPLC (ThermoFisher Scientific, Waltham, MA). The samples were analyzed by a Q Exactive TM hybrid quadrupole-orbitrap mass spectrometer (ThermoFisher Scientific, Waltham, MA). A data-dependent procedure that alternated between one full mass scan followed by the top 15 most intense precursor ions was applied with a 25 s dynamic exclusion. Intact peptides were detected with a resolution of 70,000, and the tandem mass spectra were acquired with a mass resolution of 17,500 at 27% normalized collision energy.
Database search and data filter criteria
The acquired MS/MS data was searched by MaxQuant with integrated Andromeda search engine (v.1.3.0.5) (Cox and Mann, 2008; Cox et al., 2009) . All the data were searched against UniProt Human protein database (88,277 entries, http://www.uniprot.org). Trypsin was specified as cleavage enzyme allowing a maximum of 2 missing cleavages. Cysteine carbamidomethylation was specified as fixed modification. Methionine oxidation, protein N-terminal acetylation, lysine acetylation, and lysine 2-hydroxyisobutyrylation were specified as variable modifications. FDR thresholds for protein, peptide and modification site were specified at 1%. The following peptides were considered as false positives and removed from our list: peptides identified from reverse or contaminant protein sequences, peptides with score below 40, site localization probability below 0.75, Kac or Khib sites on peptide C terminus unless the peptide C-terminal was also the corresponding protein C-terminal.
To ensure that the Kac and Khib level change in p300 KO cells is not caused by the protein level change, we quantified the protein expression levels. Briefly, the proteolytic peptides obtained in previous step were separated on preparative HPLC into 20 fractions, or separated into 12 fractions with SDS-PAGE. These samples were analyzed using the same procedures for the Kac and Khib peptides quantification. Then all the ratios of quantified Kac and Khib peptides were normalized by the ratios of their corresponding protein expression levels.
Bioinformatics Analysis
Pathway enrichment analysis was performed using a hypergeometric test in clusterProfiler package in R (Yu et al., 2012) and the FDR threshold was specified at 0.05. The protein-protein interaction networks of p300-regulated Khib proteome were determined using STRING database (v10, http://www.string-db.org/) and visualized in Cytoscape (v.3.2.1) (Shannon et al., 2003; Szklarczyk et al., 2015) .
Metabolomics Analysis
To quantitatively analyze metabolic profiles in WT and p300 KO HCT116 cells (Iyer et al., 2004) , cells were seeded at a density of 200,000 cells per well in 6 well plates. After overnight incubation in complete growth medium, the old medium was removed and cells were washed with 1 mL PBS before the addition of 2 mL of high glucose DMEM medium or glucose free DMEM medium for 6 hours. After 6 hours incubation, metabolites were extracted and analyzed as described previously (Liberti et al., 2017; Liu et al., 2014) .
Seahorse Analysis
To analyze glycolysis in real-time, Seahorse analyses were performed on a Seahorse XF Analyzer according to manufacturer's instructions (Agilent Technologies, Santa Clara, CA). Briefly, cells were plated in a 24-well assay plate the day before the analysis in the complete medium to ensure 80%-90% confluence on next day, then washed and incubated in a freshly prepared XF assay medium containing 2 mM glutamate. Final glycolysis (ECAR) was normalized to total cell protein contents.
In vitro Kac and Khib assay Recombinant human p300 proteins were purchased from Active Motif (Carlsbad, CA, catalog number 31124). For each reaction, 200 ng of p300 protein, 2.5 mg of immuno-purified HA-tagged protein from p300 KO cells, and 10 mM of CoA were added in the reaction buffer (50 mM Tris-CI, pH 8.0, 10% glycerol, 100 nM TSA, 5 mM Nicotinamide, 0.1 mM EDTA, 1 mM DTT and 1x proteinase inhibitor cocktail). The reaction mixtures were incubated at 30 C for 1 hour, followed by ENO1 activity assay or addition of SDS sample buffer. The levels of Kac and Khib were detected by SDS-PAGE and immunoblotting analysis. Acetyl-CoA (Ac-CoA) was purchased from Sigma (St. Louis, MO, A2056), and 2-hydroxyisobutyryl-CoA (hib-CoA) was synthesized using a previously described method (Huang et al., 2018) .
Activity assays for PFK and ENO1
The activities of PFK and ENO1 in total cell lysate were measured using colorimetric assay kits from Sigma (St. Louis, MO, MAK093) and Abcam (Cambridge, MA, ab117994), respectively. The kinetics of immuno-purified WT and K281R mutant ENO1 (from WT HCT116 or HEK293T cells with endogenous ENO1 knocked down by shRNAs) were measured in vitro using a pyruvate kinase/ L-lactate dehydrogenase coupled reaction. Briefly, an equal amount of purified WT and K281R ENO1 were incubated in the reaction buffer containing 100 mM triethanolamine, pH 7.4, 0.2 mM NADH, 30 mM MgSO 4 , 120 mM KCl, 1.75 mM ADP, 10 units pyruvate kinase, 15 units L-lactate dehydrogenase, and 0-5 mM 2-P glycerate. The rate of NADH oxidation was monitored by absorbance at 340 nm for 10 minutes at the room temperature. The initial reaction rates at each concentration of 2-P glycerate were calculated from the first 3-5 min reaction in triplicates. The Vmax and K M were then calculated using the double-reciprocal plot of the MichaelisMenten equation.
Cell apoptosis and viability assays
To analyze cell death in WT and p300 KO cells, cells cultured in different medium for 48 hours. The cells were then washed with PBS and stained with FITC-Annexin V and PI according to the manufacturer's instructions (BD Bioscience Annexin V Kit). Apoptotic cells and dead cells were determined by flow cytometry analysis ( Figures 6C and 6D ). Cell viability in Figure 6F was determined with Cell Proliferation Reagent WST-1 (Roche Applied Science) according to the manufacturer's protocol.
QUANTIFICATION AND STATISTICAL ANALYSIS
Values are expressed as mean ± standard error of mean (SEM) from at least three independent experiments or biological replicate, unless otherwise indicated in the figure legend. Significant differences between the means were analyzed by the two-tailed, unpaired, Student's t test, and differences were considered significant at *p < 0.05. Data were analyzed using Prism Software 7.0 (GraphPad) or Microsoft Office Excel (Version 16.10).
DATA AND SOFTWARE AVAILABILITY
The accession number for the mass spectrometry proteomics data reported in this paper is PRIDE: PXD008525.
The source file for unprocessed and uncompressed immuno-blots used in the figures is available in the following dataset: https:// doi.org/10.17632/cszpvms38z.1.
